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The thermal conductivity of ﬁve semi-crystalline and four amorphous polymers was
determined within a wide range of temperature, starting at room temperature and going
up to temperatures above the polymer melting point (Tm) for semi-crystalline polymers or
above the glass transition temperature (Tg) for amorphous polymers. Two transient
techniques were employed in the experimental investigation: the hot wire technique for
the group of amorphous polymers, and the laser ﬂash technique for the semicrystalline
polymers. As expected, the experimental results show that Tg exerts a measureable in-
ﬂuence on the thermal conductivity of amorphous polymers. In the case of semi-
crystalline polymers, a singular behaviour of the thermal conductivity is observed
within the Tm range. In order to explain the anomalous behaviour, the inﬂuence of these
transition temperatures on the thermal conductivity behaviour with temperature has been
analysed in terms of a phonon conduction process and temperature variations of speciﬁc
heat and modulus of elasticity of the analyzed polymers.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Modelling heat-energy transfer problems under steady
state or transient conditions is of fundamental importance
in engineering design as well as for tailoring of thermal and
mechanical behaviour of materials. Thermal conductivity,
diffusivity and speciﬁc heat capacity are three important
thermo-physical properties of a material that are needed
for heat transfer calculations. Detailed knowledge of such
properties becomes crucial in many situations when heat is
added or removed from a material.
Thermal conductivity (k) is the property that de-
termines the working temperature levels of a material,
determining the temperature gradient inside this material,
and so it is an important parameter in problems involving; fax: þ 55 16 3361
tos), jasousa@ufscar.
.).
. All rights reserved.
07steady state heat transfer. This property assumes a critical
role in the performance of materials in high temperature
applications. Low thermal conductivity values are required
when the purpose is to minimize heat losses. On the other
hand, when heat transfer from one site to another is
desirable, materials with higher thermal conductivities
must be chosen. Therefore, reliable thermal conductivity
values are essential for material selection criteria in order
to get the best performance of the material in a speciﬁc
application. However, it is one of the physical quantities
that is difﬁcult to measure and requires high precision in
the determination of the parameters involved in its calcu-
lation. Moreover, many factors can affect the thermal con-
ductivity of a material [1–3]: temperature, density,
porosity, moisture, degree of crystallinity, orientation of
grains, size of molecules, impurities, etc.
Thermal diffusivity (a) is a measure of the rate of heat
propagation through a material. It is an important property
in all problems involving non-steady state heat conduction.
In the extrusion and injection moulding processes,
W.N. dos Santos et al. / Polymer Testing 32 (2013) 987–994988knowledge of the precise values of both the thermal con-
ductivity and diffusivity and their temperature dependence
is essential for heat-energy transfer calculations in both
heating and cooling cycles of polymer processing opera-
tions. In cooling operations, thermal conductivity variations
can induce non-uniform cooling and shrinkage problems
and, thereby, cause frozen-in stresses, delamination, shrink
voids in extrudate proﬁles and injection mouldings [2,3].
The speciﬁc heat (cp - heat capacity per unit mass) is a
thermodynamic quantity that determines the amount of
heat necessary to raise by one degree the temperature of a
unit mass of a material and is, therefore, associated with
the energy consumption in heating processes. In the poly-
mer melting process, the value of cp increases substantially
due to the fact that the high heat absorbed by the semi-
crystalline material is used up as latent heat of fusion and
does not contribute towards a temperature variation.
The anomalous thermal conductivity variations veriﬁed
for both crystalline and amorphous thermoplastics in the
temperature range around both Tg and Tm of these poly-
mers, although well documented in published polymer
processing literature [1–3], has seldom been analyzed in
terms of the actual phonon heat conduction theory used for
ceramic materials [4]. Hence in this work, the inﬂuence of
thermal transition temperatures (Tg and Tm) on the
behaviour of the thermal conductivity with temperature is
determined and analysed in terms of the phonon conduc-
tion process. The thermal conductivity of ﬁve semi-
crystalline and four amorphous polymers was determined
within a wide range of temperature, starting at room tem-
perature. Two transient techniques were employed in the
experimental investigation: the hot wire technique for the
group of amorphous polymers and the laser ﬂash technique
for the semicrystalline polymers. The reasons for the choice
of these two distinct thermal measurement techniques is
detailed in the experimental procedure section.2. Theorical considerations
Theequationrelating the thermalconductivity (k,W/mK),
thermaldiffusivity (a,m2/s), speciﬁcheatat constantpressure
(cp, J/kg K) and the bulk density (r, kg/m3) is given by:
k ¼ arcp (1)
Heat conduction in insulating solids (ceramics and
polymers) may be considered either as the propagation of
anharmonic elastic waves through a continuum or as the
interaction between quanta of thermal energy called pho-
nons (lattice thermal conduction) [4]. At high tempera-
tures, another mechanism of conduction must be
considered: the photon conductivity. However, since this
process of conduction is proportional to the fourth power
of temperature, it is usually neglected at low temperatures
(<500 C). For insulating solids, the thermal conductivity is
proportional to the Cp and r of the material, and to the
mean speed (v) and the mean free path (l) of the phonons,
according to the following equation [5]:
k ¼ 1
3
r Cpv l (2)For pure crystalline ceramic material, when tempera-
ture increases, speciﬁc heat also increases to an approxi-
mately constant value, and the phonons mean free path
decreases, since it is proportional to T1. For temperatures
not so low (T > 220 C), the net effect is a decrease in the
thermal conductivity. Experimental results indicate that,
for pure crystalline materials, the thermal conductivity
may be represented by an equation of the form [4]:
k ¼ A
T
þ B (3)
where T is the absolute temperature and A and B are con-
stants to be determined. The temperature dependent term
is interpreted as the intrinsic thermal conductivity due to
the Umklapp process (an anharmonic phonon–phonon
scattering process), and the temperature independent term
as conductivities due to the collective contribution of all
point defect scattering terms [6]. The conductivity de-
creases with temperature increase because the anharmonic
Umklapp process becomes more frequent, and hence the
phonon mean free path decreases. Umklapp scattering is
the dominant process for thermal conductivity at high
temperatures for low defect crystals.
Foramorphousceramicmaterials, themean freepathmay
be considered approximately constant and, when tempera-
ture increases, thermal conductivity increases in proportion
to the speciﬁc heat. In this case, the thermal conductivitymay
be represented by an equation of the form [4]:
k ¼ CT þ D (4)
where C and D are also experimental constants to be
determined, with the same meaning of A and B given
previously.
If a material is a combination of crystalline and glassy
phases, the temperature dependence of the thermal con-
ductivity may be represented by the equation [4]:
k ¼ 1
AT þ Bþ C
T
(5)
where A, B and C are also experimental constants to be
determined.
Although the previous equations are also valid for poly-
mers, since phonons aremainly responsible for heat transfer,
polymeric materials have some particularities which make
the structure of suchmaterials different from that of ceramic
structures. The polymer thermal conductivity is also
dependent on molecular weight distribution, crystallite
orientation, degree of crystallinity, macromolecule size,
thermo-mechanical history and other structural features
[1–3]. The glass transition temperature (Tg), exerts a meas-
ureable inﬂuence on the thermal conductivity of amorphous
polymers [7,8]. This inﬂuence is experimentally hardly
detectable for semicrystalline polymers. However, for this
class of polymers, a singular behaviour of the thermal con-
ductivity is observed within the melting temperature range.
3. Materials and methods
As stated before, two experimental techniques were
employed in this work: the hot wire technique for the
W.N. dos Santos et al. / Polymer Testing 32 (2013) 987–994 989amorphous polymers and the laser ﬂash technique for the
semicrystalline polymers. Thermal conductivity results
obtained by using both techniques are perfectly compatible
for polymeric materials, and discrepancies veriﬁed lie
within the accuracy of each technique, as reported else-
where by the authors [9].
The hot wire technique permits direct measurement of
thermal conductivity of materials. However, due to larger
sample (w1.5 kg) requirements for this test, the thermal
equilibrium is achieved only after relatively long periods
(w6 h) of polymer exposure to heat, and also the mea-
surements are severely hampered in the melting temper-
ature range of semicrystalline polymers. The high and rapid
heat expansion of semicrystalline polymers in their melting
temperature range aggravates the surface contact problem
between the sample material and the thermal sensor and,
thereby, severely hampers the stability of the measure-
ments being made in experimental runs of 10–15 min
duration. Furthermore, restrictions due to economic or
other technical aspects also restrict the use of this tech-
nique for some materials. However, the hot wire technique
permits precise measurements of thermal conductivity
variations in the temperature range around Tg of polymers.
Details of the hot wire technique and samples preparation
were given in many occasions elsewhere [10–13].
In the laser ﬂash technique, the use of much smaller
samples (w50 mg) simpliﬁes sample preparation, and the
thermal equilibrium is quickly attained (1–2 min),
permitting measurements both in the solid and molten
states and even in the narrow crystallinemelting interval of
semicrystalline polymers. However, this technique mea-
sures the thermal diffusivity and not the thermal conduc-
tivity, which can then be derived from equation (1) shown
earlier, provided that the speciﬁc heat and density data of
the sample are also determined as a function of tempera-
ture. Details of the laser ﬂash technique and sample prep-
aration were given on many occasions elsewhere [14–17].
In this work, the hot wire techniquewas adopted for the
amorphous polymers and the thermal conductivity was
directly determined in the temperature interval starting
from room temperature and going up to temperatures
above the Tg of the analyzed polymers. In the case of the
semicrystalline polymers, the laser ﬂash technique was
utilized to determine the thermal diffusivity, starting from
room temperature up to temperatures above the crystalline
melting point of these materials. The thermal conductivity
data was then derived using the experimental values ofTable 1
Polymer samples details with their respective properties.
Material Resin Supplier Code Crystal
tempe
HDPE Braskem HI760UV 136
LDPE Braskem PB608 103
PP Braskem H503 163
Nylon-6 BASF Ultramid 8200HS 223
PVDF Atochem F4000HD 169
PMMA Unigel Acrigel –
HIPS BASF PS495F –
PS BASF PS145D –
PC Sabic Lexan grade –both the polymer density and speciﬁc heat as a function of
temperature.
The speciﬁc heat dependence with temperature was
determined bymodulated differential scanning calorimetry
(DSC- Q100, TA Instruments) according to ASTM E 1269-90
and with a heating rate of 5 C/min. The glass transition Tg
and Tm (crystalline melting endotherm maximum) tem-
peratures along with the percentage degree of crystallinity
of the semicrystalline polymers were determined by DSC
according to ASTM D3418 with a heating rate of 10 C/min.
The density at room temperature was determined by
picnometry using ethanol, according to ASTMD 792, and its
dependence with temperature was evaluated by using the
thermal expansion coefﬁcient. Samples were prepared in
the shape of discs, 10 mm in diameter and 0.3–1 mm in
thickness for the laser pulse technique. For the hot wire
technique, the samples were prepared through extrusion
starting frompowder or pellets of the solid polymer, using a
special mould of stainless steel with inner dimensions of
220  100  65 mm in the shape of a rectangular paral-
lelepiped. Before each measurement, a dwell time at each
temperature is required in order to get the thermal equi-
librium: w6 h for the hot wire technique (large samples)
and 1–2 min for the laser ﬂash technique (small samples).
In both techniques, the thermal property measurements
were carried out in the heating mode.
4. Results and discussions
Table 1 displays the polymer sample details along with
the data on glass transition (Tg) and crystalline melting
point (Tm – crystalline melting endotherm maximum) and
the percentage degree of crystallinity of the semi-
crystalline polymers as determined by DSC.
Figs. 1–5 show, respectively, the results obtained for the
group of semi-crystalline polymers studied: high density
polyethylene (HDPE), low density polyethylene (LDPE),
polypropylene (PP), nylon 6 (PA6) and polyvinylidene
ﬂuoride (PVDF). The traced vertical lines were included in
the ﬁgures in order to indicate the crystalline melting
temperature interval deﬁned by DSC analysis.
Fig. 6 shows the experimental results obtained for
the group of amorphous polymers studied: poly-
methylmethacrilate (PMMA), high impact polystyrene
(HIPS), crystal polystyrene (PS) and polycarbonate (PC). In
these ﬁgures, the Tg values obtained from DSC analysis are
also indicated by arrows.line melting
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Fig. 1. Speciﬁc heat, thermal diffusivity and thermal conductivity as a
function of temperature for HDPE.
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Fig. 2. Speciﬁc heat, thermal diffusivity and thermal conductivity as a
function of temperature for LDPE.
W.N. dos Santos et al. / Polymer Testing 32 (2013) 987–994990For the group of semi-crystalline polymers (Figs. 1–5),
the thermal conductivity displays a smooth decrease as
temperature rises, from room temperature up to the
beginning of the melting process, as predicted by equation
(5). This behavior may be explained using equation (2), in
terms of two mechanisms of opposite effects: the speciﬁc
heat increases slightly when temperature rises, but thethermal diffusivity reduces due to the decrease in the
phonon mean free path. The reduction in the polymer
density (bulk density) with temperature also contributes to
k values reduction. The net effect of these mechanisms is a
smooth decrease of the thermal conductivity with tem-
perature rise, except for PA6. In this case, the steeper slope
of cp curve with increasing temperature contributes to-
wards a slight rise in k values. In the beginning of the
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Fig. 3. Speciﬁc heat, thermal diffusivity and thermal conductivity as a
function of temperature for PP.
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Fig. 4. Speciﬁc heat, thermal diffusivity and thermal conductivity as a
function of temperature for PA6.
W.N. dos Santos et al. / Polymer Testing 32 (2013) 987–994 991melting process, the thermal conductivity exhibits an
abrupt increase as temperature rises; reaches a maximum
and then decreases, following the behaviour of the speciﬁc
heat within the melting temperature interval.
For the amorphous polymers, (Fig. 6) the dependence of
the thermal conductivity with temperature is quite
different from that foreseen by equation (4) for amorphous
ceramic materials. The glass transition temperature exertsa detectable inﬂuence on the thermal conductivity behav-
iour with temperature, and two distinct regions may be
considered: in the glassy state before Tg and in the rubbery
state after Tg. In the glassy state region, the thermal con-
ductivity increases with temperature as predicted by
equation (4). This is due to the speciﬁc heat increase effect,
since phonon mean free path is considered practically
constant with temperature for amorphous materials.
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Fig. 5. Speciﬁc heat, thermal diffusivity and thermal conductivity as a
function of temperature for PVDF.
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W.N. dos Santos et al. / Polymer Testing 32 (2013) 987–994992Starting in the rubbery region, an abrupt decrease of the
thermal conductivity is observed. As a result, a peak is
attained close to the Tg. This sudden dropmay be explained
in terms of molecular mobility, since in the temperature
interval in the neighborhood of Tg the polymer passes from
a rigid and brittle glassy state to the soft rubbery state. In
the rubbery state, the large-scale mobility of atoms and
macromolecules increases and chain segments undergointensive thermal motion and torsional rotations. This
disorder introduced in thematerial structure contributes to
the scattering center phonons and, thereby, decreasing the
thermal conductivity. A sudden drop of the thermal diffu-
sivity of amorphous PET in Tg’s regionwas also observed by
Chen et al. using the ﬂash method [18]. Physically, this
phenomenon may be explained as follows.
For amorphous materials, the phonon mean free path is
practically independent of the temperature. When the
lateral dimensions are much less than the wavelength, an
extensional wave is propagated and the phonon mean
speed (v) is proportional to the square root of the ratio of
the elasticity modulus (E) and the bulk density of the
material, i.e.:
vf
ﬃﬃﬃ
E
r
s
(6)
Although the density decreases with temperature rise,
the elasticity modulus experiences a sudden and intense
drop above Tg, as shown schematically in Fig. 7. This ﬁgure
displays the sudden drop of E after the Tg for semi-
crystalline and amorphous polymers. This sudden drop in
E is much more pronounced (2-3 orders of magnitude) in
amorphous than in semi-crystalline polymers. The net
effect is a decrease in the phonon speed, which according
to equation (2) leads to a corresponding decrease in the
thermal conductivity. After this sudden drop, the thermal
conductivity displays a smooth variationwith temperature,
as shown in Fig. 6.
The much higher thermal conductivity values observed
for PC in Fig. 6, in comparison to those of other amorphous
polymers, is probably due to the fact that PC exhibits high
molecular stiffness below Tg, with the presence of two p-
phenylene groups in its macromolecular skeleton, and thus
contributing towards higher phonon conduction [19]. It is
also possible to observe in Fig. 6 that the sudden drop in
thermal conductivity for PMMA takes place at around
86 C, which is considerably lower than the temperature
veriﬁed for the Tg of this polymer, as determined by the
conventional calorimetric technique (112 C). This fact may
Fig. 7. Schematic variation of modulus of elasticity as a function of tem-
perature for semicrystalline and amorphous polymers.
W.N. dos Santos et al. / Polymer Testing 32 (2013) 987–994 993be explained having in mind the long dwell time (up to 6 h)
before each measurement of thermal conductivity in order
to get the thermal equilibrium in the hot wire test. After
this elapsed time, part of the polymeric mass would reach
the rubbery state, even at a temperature below the classical
Tg, resulting in a decrease of the thermal conductivity. In
order to conﬁrm this hypothesis, two DSC runs with the
PMMA samples are provided in Fig. 8. Initially, the sample
(8 mg) remained at 86 C for a short dwell time of 5 min
and was then heated up to 140 C, as shown on Fig. 8 (2nd
heating run). This curve was then compared to the one
obtained in the determination of Tg, from room tempera-
ture up to 140 C (1st heating run). In both cases the heating
rate was 10 oC/min.
It is evident from Fig. 8 that the variation of the base line
decreased after PMMA sample was held at 86 C for 5 min.85 90 95 100 105 110 115 120 125 130
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Fig. 8. DSC curves for PMMA: Heating rate 10 oC/min; 2nd heating after the
specimen remained for 5 min at 86 C.This behavior is an indication that part of the polymeric
mass had already attained the rubbery state. As a conse-
quence, a drop in its thermal conductivity is observed at
this temperature, several degrees before the Tg value
determined by DSC. This fact may be explained having in
mind that the conventional Tg is a kinetic (rate-dependent)
manifestation of an underlying thermodynamic phenom-
enon, and corresponds to the temperature at which the
forces that keep the connected chain segments of a solid
polymer are overcome by the thermally induced move-
ment within the experimental time scale. Hence, the value
of such a property depends on the heating rate and the time
that the material remains at a ﬁxed constant temperature.
Fig. 8 shows that, for PMMA, the actual glass transition
temperature in the hot wire thermal conductivity tech-
nique is attained at around 86 C, and not at 112 0C as
determined by the classical differential scanning calorim-
etry, as shown in Table 1. For the other amorphous poly-
mers, this behavior was not detected. The variation of the
base line remains approximately constant even when such
a material remained for a time time below its classical Tg
value, which indicates that this time interval was not
enough to lead the polymer to a rubbery state. This dif-
ference in the behaviour between amorphous polymers is
associatedwith the type and stiffness of each structure. The
effects of number-averagemolecular weight, chain stiffness
and cohesive forces on the value of Tg are different from
each other.
5. Conclusions
The glass transition temperature exerts a noticeable
inﬂuence on the thermal conductivity of amorphous poly-
mers, exhibiting a peak around this temperature. This effect
is hardly detectable for semi-crystalline polymers, since
only the amorphous phase is responsible for this behaviour,
and the crystalline phase overrides this inﬂuence. However,
for semi-crystalline polymers, the speciﬁc heat introduces a
singular behaviour on the thermal conductivity tempera-
ture dependence in the temperature range of the polymer
melting. This singular behavior of the thermal conductivity
around the crystalline melting temperature can be attrib-
uted to the speciﬁc heat variation of semi-crystalline
polymers. The thermal conductivity variations registered
around Tg of amorphous polymers can be explained by
considering the reduction in the phonons velocity above
this glass transition temperature.Acknowledgements
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